The structure of fish assemblages in Neotropical rivers is influenced by a series of environmental, spatial and/or temporal factors, given that different species will occupy the habitats that present the most favourable conditions to their survival. The present study aims to identify the principal factors responsible for the structuring of the fish assemblages found in the middle Xingu River, examining the influence of environmental, spatial, and temporal factors, in addition to the presence of natural barriers (waterfalls). For this, data were collected every three months between July 2012 and April 2013, using gillnets of different sizes and meshes. In addition to biotic data, 17 environmental variables were measured. A total of 8,485 fish specimens were collected during the study, representing 188 species. Total dissolved solids, conductivity, total suspended matter, and dissolved oxygen concentrations were the variables that had the greatest influence on the characteristics of the fish fauna of the middle Xingu. Only the barriers and hydrological periods played a significant deterministic role, resulting in both longitudinal and lateral gradients. This emphasizes the role of the connectivity of the different habitats found within the study area in the structuring of its fish assemblages.
Introduction
In natural riverine communities, the distribution of species, resources, and biological processes fluctuate in response to a range of processes that occur on different scales (Humphries et al., 2014) . At the larger (regional) scale, climate, hydrology, and geomorphology are among the principal factors contributing to assemblage structure, while biotic and abiotic factors, such as inter-specific interactions and fluctuations in limnological variables, tend to function on more local scales (Hoeinghaus et al., 2007; Suarez and Petrere-Junior, 2007; Scarabotti et al., 2011) . Variations in all these factors along the course of a river determine the distribution patterns of fish species, which tend to occupy the habitats that present the most favourable biotic and abiotic conditions for their survival and the maintenance of viable populations, as established in Hutchinson's (1957) theory of the ecological niche, and Southwood's (1977) habitat template. This variation in the composition of the fauna may be modified by different factors, such as the spatial configuration of environment and changes in local abiotic factors (Nekola and White, 1999) , resources availability, among others.
The existence of barriers to dispersal, whether natural, such as rapids or waterfalls, or man-made, like dams, hampers species movements (Agostinho et al., 2008; Torrente-Vilara et al., 2011) , separating the assemblages in each side of the barrier. In the absence of ostensible barriers, dissimilarities in the composition of assemblages would be expected to be related to the distance between them, considering the distinct dispersal capacities of the different component species (Hubbell, 2001; Morlon et al., 2008) . Another factor that may also have a role in fish population structure is the response of each species to alterations in local abiotic factors, according to their environmental requirements, where each species will be present in an environment which presents a set of abiotic variables favourable to its existence (Hutchinson, 1957) . Given all these aspects, the composition of aquatic assemblages would be expected to vary longitudinally along rivers, with more distant assemblages being less similar to one another than those located at shorter distances.
In addition to spatial variations, Neotropical floodplains areas are characterised by an annual change in water levels, which alternates between rainy and dry seasons, modifying the availability of habitats, and producing major fluctuations in the abundance and diversity of fish species (Goulding, 1980; Rodríguez and Lewis Junior, 1994) . These fluctuations are characterised by an increase in connectivity in High Water period, with more similar assemblages due to higher dispersion, and greater isolation in Low Water period, with more dissimilar assemblages (Junk, 1980; Thomaz et al., 2007; Scarabotti et al., 2011) . Changes in the hydrological cycle may alter local abiotic factors, such as limnological variables. During the High Water period, the river water carries a higher sediment load as a consequence of the pluvial runoff and the inundation of the floodplain, and the body of water becomes wider and deeper (e.g. Marques et al., 2003) . This means that the temporal variation in Neotropical aquatic assemblages may be at least partly related to modifications in abiotic factors, and not only to changes in the connectivity of habitats.
Based on these considerations, the present study aimed to identify the principal determinant of the structure of fish assemblages in the middle Xingu River, Amazon Basin. Three predictions were tested: (i) the composition of assemblages located at shorter distances from one another will be more similar than that of more distant ones, given their enhanced potential for dispersal; (ii) given the distinct environmental requirements of species, the composition of assemblages among sites will be affected by modifications in local abiotic variables; (iii) as the hydrological cycle affects the availability of habitats, assemblages found at Low and High Water will have distinct compositions; (iv) as the presence of waterfalls and rapids may affect the connectivity of a river, distinct assemblages will be expected up-and down-stream of these features.
Material and Methods

Study area
The Xingu River is a major right-bank tributary of the Amazon River, which originates in the Brazilian state of Mato Grosso, in the Serra do Roncador region, and discharges into the Amazon just downstream from the town of Porto de Moz, in Pará state. The river is 2,045 km long and flows predominantly in a south-north direction. Its principal tributary is the Iriri River, which originates approximately 100 km to the southwest of the town of Altamira, and other important tributaries of Xingu river are the Bacajá and Bacajaí rivers, on the Volta Grande do Xingu, downstream from Altamira (Eletronorte, 2001; Salomão et al., 2007; Eletrobras, 2009; Castilhos and Buckup, 2011) .
The climate of this region is Am in the Köppen-Geiger classification, that is, tropical hot and humid (Peel et al., 2007) . During the study period, monthly rainfall varied from 10.8 mm to 478.3 mm (INMET, 2014) (Goulding et al., 2003) , different environments become available during the year, including floodplains and flooded forests. In addition, some streams and lakes that connect with the river in High Water become isolated during the Low Water season.
The region is covered by typical lowland Amazon rainforest, with some enclaves of open vegetation. The waters of the Xingu are clear, with a transparency of 1 m to 5 m, light green in shallower parts, and dark green in the deeper environments (Castilhos and Buckup, 2011) . The bottom is sandy or rocky, and rapids and waterfalls can be found in many areas, representing barriers to the dispersal of fish populations. The main waterfall is located in the region known as Volta Grande do Xingu at coordinates 03°23'24.9" S and 051°43'55.9" W; known as Jericoá, it presents a fairly sharp waterfall, where only large migratory fish can pass through. In addition, rapids in Bacajá River (a tributary of Xingu River) can be barriers too.
The present study focused on the middle Xingu, between the mouth of the Iriri River (20 km upstream of Altamira city) and the town of Senador José Porfírio (Figure 1 ). Data were collected tri-monthly between July 2012 and April 2013. In total, 36 sites were sampled, 9 in each hydrological period. Each sampling site was approximately 40 km, in fluvial distance, from each other.
Collection of biological samples and environmental data
Fish specimens were collected using a sequential set of gillnets with meshes of different sizes, with each set being referred to as a "battery". Each battery was composed of seven, 20 m-long rectangular nets of 2 m in height made of monofilament nylon, with diagonal stretch meshes of 2, 4, 7, 10, 12, 15, and 18 cm. Each net had an area of 40 m 2 , with a total area of 280 m 2 or 0.00028 km 2 per battery. The flood period is characterised by the availability of new habitats, such as swamps and floodplain lakes. Due to the presence of these environments, sampling effort increased during this period, including one battery per swamp or floodplain lake sampled. Thus, the data were standardised using a Capture Per Unit Effort (CPUE), where the abundance of each species during a given month was divided by the area of the batteries set at the site in that month, providing a metric in the form of a number of individuals per km 2 of net per hour (ind./km 2 /h). In other words, the CPUE was used as an index of species relative abundance, defined as the number of individuals captured per km 2 of gillnet per hour. Three batteries were set at each site, with a distance of at least 5 km between each battery, in order to avoid problems of spatial autocorrelation. All the nets remained in the water for 15 hours, between 5 pm and 8 am of the following morning. The set of three batteries at each site was considered a single sample. Once collected, the specimens were identified to the lowest possible taxonomic level (to species in most cases), fixed in 10% formaldehyde for 48 hours, and conserved in 70% ethanol. All specimens were deposited in the ichthyological collection at the Laboratório de Ictiologia de Altamira (LIA) of Universidade Federal do Pará (UFPA), as well as in the Museu Paraense Emílio Goeldi (MPEG) in Belém (Pará, Brazil) .
In addition to the biological data, a number of environmental variables were obtained from the Norte Energia database, derived from samples collected by the International Ecology Institute (IIEGA). These data were collected near the sites of fish sampling. A total of 17 variables were analysed: alkalinity (acronym: Alk, unit: mg-CaCO3/L), total carbon (C, mg/g sed), chlorophyll a (cloa, µg/L), conductivity (cond, mS/cm), Biochemical Demand for Oxygen (BDO, mg/L), suspended organic matter (SOM, mg/L), suspended inorganic matter (SIM, mg/L), total suspended matter (TSM, mg/L), total nitrogen (N, mg/L), dissolved oxygen (DO, mg/L), pH, redox potential (redox, mV), depth (depth, m), total dissolved solids (DisSol, mg/L), temperature (temp, °C), transparency (transp, m), and turbidity (turb, UNT).
Data analysis
A Pearson Correlation Analysis was used to examine multicollinearity between variables, excluding those with correlation above a threshold of 0.8. A Principal Components Analysis (PCA) was used to determine which environmental variables were important in the differentiation of sites (Jongman, 1995) . The axes were selected using the Broken Stick criterion. The environmental variables selected through this method were used for subsequent analyses. Prior to these analyses, the environmental variables were standardised by subtracting each value from the mean and then dividing it by the standard deviation in order to remove the effects of the different scales of measurement.
The pairwise distance between sites was measured following the course of the river, using 1:100,000 scale shape files of the local hydrography. To evaluate longitudinal variation in fish assemblage composition, the CPUE data (ind/km 2 /h) from each site were ordinated distances (Clarke and Warwick, 2001) . After NMDS, data were tested using a Permutational Analysis of Variance (PERMANOVA) with sums of squares type III (partial), permutation of residuals under a reduced model and 999 permutations. The PERMANOVA was based on the null hypothesis that the composition of the fish assemblages did not vary significantly among hydrological periods and spatially. Lastly, an Indicator Species Analysis (IndVal) was run to investigate which species were responsible for the differences among sites and/or hydrological periods (Clarke and Warwick, 2001) .
We used Mantel analysis to evaluate the correlation of four matrices with fish assemblage composition (environmental variables, hydrological periods, presence of waterfalls/rapids, and fluvial distance between points), based on Pearson's correlation coefficient. We also tested the correlation among these four matrices with Mantel. When it was significant, we used partial Mantel to control the effect of each explanatory matrix on fish assemblages. Partial Mantel determines the partial correlation of two distance matrices, while controlling the effect of a third matrix (Legendre and Legendre, 2012) , which allows us to see the individual effect of each matrix on the response matrix.
The matrix for the analysis of the hydrological periods was based on the pairwise comparison of sites by sample period. A score of zero was applied to pairs of samples from the same period (e.g., Flooding-Flooding), 1 for adjacent periods (e.g., Flooding-High Water), and 2 for alternate periods (e.g., Flooding-Receding Water). The matrix for the presence of waterfalls or rapids was also based on pairs of sites, which were scored zero for the absence of barriers and 1 when a barrier existed between them.
All statistical analyses were run in the R program (R Development Core Team, 2011) using the Vegan (Oksanen et al., 2011) and Ecodist packages (Goslee and Urban, 2007) . All tests considered a 5% significance level.
Results
Environmental variables
The High Water period was characterised by the highest alkalinity, BDO, depth, and redox potential. The highest temperatures and dissolved oxygen concentrations were recorded at Low Water. The highest values for all other variables were recorded during the transitional periods, that is, the Flooding and Receding Water cycles (see Appendix 1).
The variables total dissolved solids and turbidity were excluded of the analysis because presented large correlation with conductivity. The same occurred with suspended inorganic matter that was correlated to total suspended matter. The first PCA axis explained 28.35% of the variation, and the second, 19.92%, with a total of 48.28% for the first two ordination axes ( Table 1) . The most important variables of the first axis (loading > 0.7) were conductivity and total suspended matter, both negatively associated with the first Principal Component. Dissolved oxygen was the variable that contributed most to the After the PERMANOVA, it was possible to realize the formation of three groups, the first encompassing sites 8 and 9 (group 1), the second, sites 1 through 5 (group 2), and the third by sites 6 and 7, forming group 3 (Figure 3) . Groups 1 and 2 were separated by the Bacajá rapids and groups 2 and 3 were separated by the Jericoá falls.
Different species contributed to the formation of the spatial groups and to the differentiation among hydrological periods ( Table 2 ). The IndVal test selected 31 species with occurrence linked to the sampling sites, while 24 species were related to hydrological periods.
Factors that affect the distribution of fish species
The Mantel analysis between the four explanatory matrices indicated a very weak correlation between the environmental variables and the hydrological periods, so this correlation was not considered in this study, although it was statistically significant ( Table 3) . On the other hand, there was a strong correlation between the presence of barriers and the fluvial distance. The effect of each matrix was then analysed separately to see their effects on fish assemblages.
The Mantel analysis indicated that the explanatory variables were responsible for 62% of the variation in the data (Table 3 ). Only the hydrological period and the presence of barriers (waterfalls or rapids) affected the distribution of the fish fauna, with the latter (barriers) being the most important. There was no influence of distance between sample points neither of environmental variables on fish assemblages.
Discussion
The hydrological cycle (temporal effect) and the presence of waterfalls (structural effect) are the main determinants of the fish species distribution in the middle Xingu River, confirming predictions iii and iv. Habitat connectivity among hydrologic periods is the main factor regulating the dispersal of individuals to new areas and to access new resources. In the case of lotic ecosystems, connectivity is observed longitudinally in relation to the course of the river, and laterally in relation to the influence of the hydrological cycle (Kondolf et al., 2006) , with the formation of a vast flood plain.
Rivers and streams are dynamic and complex systems with a unidirectional flow of matter and energy. These processes modify gradually environmental conditions and the distribution of resources exploited by fishes, these variations being explained by the River Wave Theory (Humphries et al., 2014) . This results in variations in the structure of fish assemblages along a longitudinal gradient, although the continuity of this gradient, the autochthonous production or allochthonous inputs. These factors may be interrupted abruptly and modified by the presence of physical barriers, such as waterfalls and rapids, resulting in distinct assemblages on either side of the barrier (Agostinho et al., 2008; Torrente-Vilara et al., 2011) . Our study confirms this, since we observed the formation of groups between the waterfalls.
The characteristics of Neotropical fish assemblages also vary considerably in relation to the fluctuations caused by the seasonal flood pulse (Goulding, 1980; Junk et al., 1989; Scarabotti et al., 2011; Silva et al., 2013; Humphries et al., 2014) . This process results in the inundation of the floodplain swamps, expanding the availability of resources (food and refuges, for example) and increasing the connectivity among habitats, resulting in a random redistribution of the fish fauna and reducing spatial variability (Thomaz et al., 2007) . As the water drains back into the main channel, nutrients are washed out, while fish density and biotic interactions increase, some environments being isolated (Goulding, 1980; Junk et al., 1989) . In the present study, the composition of the assemblages was affected by hydrologic periods, varying significantly among seasons, as recorded in a number of previous studies in the Neotropical region (Scarabotti et al., 2011; Silva et al., 2013) . However, the effects of the Jericoá falls and Bacajá rapids were more pronounced than those of the flood pulse, and represent a major factor in the structuring of the fish assemblages of the middle Xingu. A similar pattern has been recorded in a number of previous studies of the effects of natural barriers on the abundance and distribution of fish species (Ingênito and Buckup, 2007; Torrente-Vilara et al., 2011) .
Given the importance of physical barriers such as waterfalls and the habitat connectivity caused by the annual flood pulse, the construction of hydroelectric dams may have a significant impact on the composition of fish assemblages. In the specific case of the Belo Monte project on the Xingu River, which is being constructed in the middle of the study area, there is a predicted reduction in river discharge on the stretch that includes the Jericoá falls (Eletronorte, 2001; Norte Energia, 2010) . This would result in the permanent loss of connectivity between the fish assemblages located up-and down-stream of these falls, as well as a marked change in the types of habitat available for the different species, which would affect species composition, as well as reproductive patterns and the recruitment processes of the majority of taxa (Agostinho et al., 2004) . The impacts of the construction of hydroelectric dams are well documented (Junk and Mello, 1990; Agostinho et al., 2008; Mims and Olden, 2013; Sakaris, 2013; Freedman et al., 2014) and are related primarily to processes such as the loss and homogenization of habitats, and the replacement of species. This emphasizes the need for the systematic collection of data on the characteristics of local fish assemblages prior Table 3 . Results of the Mantel analysis between the four explanatory matrices ̶ environmental variables, hydrological periods, the presence of barriers (waterfalls or rapids), and fluvial distance between points ̶ and their effects on the composition of the fish assemblages on the middle Xingu River. The values in bold type are significant (P < 0.05). Marked (*) analysis were performed with partial Mantel.
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to the flooding of reservoirs, in order to provide a sound database for the development of effective management strategies. However, little is known about the effect of the construction of reduced flow hydroelectric dams and this knowledge is nil when it comes to Amazon. Thus, this study is important because it allows the understanding of the structure of fish populations in the Middle Xingu River, forming bases for possible conservation measures.
The results of the present study indicated that the presence of waterfalls and the fluctuations of the flood pulse were the primary factors determining the distribution of fish species within the study area, creating both longitudinal and lateral gradients. This supports two of the operational hypotheses tested in the study, but rejects those on the possible effects of local environmental variables or the distance between sites. The difference in the composition of the assemblies due to hydrological periods and physical barriers are clearly the most important determinants of the structure of ichthyofauna in the study area, and is also one of the characteristics that may be most impacted by the construction of the Belo Monte hydroelectric dam. This re-emphasizes the need for the consideration of the region's unique characteristics in the planning of future management strategies. Biology and Technology, vol. 46, no. 3, . http://dx.doi.org/10.1590/S1516-89132003000300010.
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